Abstract. Acomposite cantilever-beam-type actuator and its driving structure were designed byemployingTbDyFe alloy in this paper after the introduction aboutthe working principle of actuator. Magnetic circuit analysis and the number and position of the Terfenol-D slice adhesion are mainly included for the designed actuator. Then simulations on the magnetic circuit of the designed actuator and its driving structures were carried on by using the software of COMSOL Multipysics. Finally, the structure of the actuator was optimized based on the simulation results. It indicates that the actuator with optimized structure has more excellent performance.
Introduction
Composite cantilever beam is a intelligent device byconglutinating the functional materials with the mechanical cantilever beam. It can be applied in many areas such as the vibration active control [1] , the force sensor [2] , and the light reflex positioning [3] . Piezoelectric material, magnetic control shape memory alloy, and magnetostriction material are the three most widely applied functional materials which are the ideal materials for the construction of the composite cantilever beam.
2.Common functional materials
TbDyFe is of a new magnetostriction alloy which has advantages such as large strain, high precision, brute force, fast response, and high reliability. By applying the magnetic driving technique, it can drive without wire [4] . Terfenol-D with Tb0.27Dy1.073Fe1.93 as its main composition owns many advantages over the piezoelectric material PZT. For example, the Terfenol-D dilatation coefficient is over one order of magnitude of the PZT, and its response speed is more prompt and its energy conversion efficiency is higher.
About the design of TbDyFe composite cantilever beam, Na et al. [5] obtained the rigorous solution which is suitable for the bending problem of magnetic film-substrate system under point load at free ends with any thickness ratio of the magnetic film to the substrate based on the fundamental mechanical equilibrium equations. They also finished the design and optimization of the micro actuator cantilever beam based on the materials geometric and physical parameters.
3.Working principle of cantilever-beam-type actuator
The basic working principle of the cantilever-beam-type actuator is shown in Fig.1 .Many Terfenol-D slices are continuously glued on the substrate to drive.Bending deformation will be produced due to the shrink of the top surface of the substrate which is closely glued with the Terfenol-D slice. The magnitude of the bending is determined by the magnetic field intensity which enables the precision control of the open amount of the actuator through controlling the magnetic field. 
Structural design of actuator
A beryllium bronze after heat treatment was processed by wire-electrode cutting to be the substrate with the dimension of 82×9.5×0.55 mm. Thus the dimensions of both the Terfenol-D slices and the actuator were determined. The maximum elongation Δlmax of the Terfenol-D slices depend on their length lT along magnetization direction. The linear magnetostriction coefficient of the super magnetostriction materials, λ, can be described as, = � (1) where, l is the length of materials, and Δl denotes the variation of the length.
According to Eq. (1), the maximum elongation of the Terfenol-D slice along magnetization directioncan be calculated as, ∆ = • (2) where the symbol λ s represents saturation magnetostriction coefficient.
The diagram showing the working principle of the actuator is depicted as Fig.2 . It shows the deformation will reach maximum when the Terfenol-D slice is up to the maximum deformation. The kinetic equation describing the three dimensional distribution of the driving magnetic field was derived by employing the Maxwell equation set in order to establish the three dimensional nonlinear model of the composite cantilever beam. The differential Maxwell equation set can be depicted as [6] ,
where, the symbol P denotes the spatial electric density, ε 0 represents the permittivity of vacuum. The electric displacement vector, D, can be neglected when the driving frequency is lower than 30 MHz. The total current in Eq. consists of two parts, namely the source current density (J s ) and the external current density (J e ) produced by eddy current effect. Thus the divergence of the magnetic field intensity can be shown as,
Assuming the variables in the magnetic field system to be solved as the vector magnetomotive force A(A x ,A y ,A z ), the electric field intensity can be calculated by the vector magnetomotive force, which is derived as,
where A is the vector magnetomotive force，∅is the scalar potential function，the eddy current can be calculated as,
where is the material conductivity. The magnetic induction intensity is described by the vector magnetic potential as,
3.3Magnetic circuit design of driving structure.
The maximum magnetic field strength is at the inside of the inner diameter area of the cylinder coil. Consequently, putting the Terfenol-D slices into this area could improve the using efficiency of energy. The driving system mainly consists of coil, coil former, core assembly (being placed in the skeleton to fix a segment of the valve block), shell, and end cap. Some principles should be followed during the design of magnetic circuit in order for better magnetism-mechanical transfer efficiency of the actuator. They are,
(1) Proper components should be selected to form the magnetic circuit of the actuator, which enables bigger flux in the magnetic return path and more magnetic lines of force through the Terfenol-D driving slices.
(2)Magnetic leakage should be reduced to make maximize the flux through the driving slices. The schematic of the driving structure and its magnetic return path is shown in Fig. 3 . The popular software COMSOL Multiphysics is employed in this paper to simulate the magnetic field of the designed actuator model. The two-dimensional axial symmetry module [7] is applied in the finite element simulation under the consideration that the driving coil structure is of three-dimensional axial symmetry in order to reduce the computational effort and save the computer memory to improve the calculation accuracy. The established two-dimensional axial symmetry model is illustrated in Fig. 4(a) , and its finite element model can be obtained as Fig. 4(b) . When an electric current density of 2A/mm2 is applied to the coil area, the simulation results are obtained which are shown in Figs. 4 (c) and (d) . 
Optimum structural design
Through the aforementioned analysis it indicates that many unreasonable designs also exist at present, for example, excessive driving coil length and relative smaller space for the Terfenol-D slices will not only enlarge the space occupied by the device but also increase the whole length of the actuator. In order to overcome these shortages, an improved actuator and its driving structure is developed based on the theoretical analysis in this paper. Its structural diagram is shown in Fig. 5 . In the improved actuator, the offset coils are added, and the driving cylinder height is up to 115 mm and its external diameter is 95 mm; the total number of turns of the offset coils is 1180 while that of the driving coils is 680. Considering that magnetic field near the coil center is strong and uniform, the beryllium bronze is selected to be processed as the valve block with the dimension (thickness×length×width) of 1.5×85×8.5 mm. It is noted that clearance of 2.5 mm should be set between the five Terfenol-D slices with dimension of 6×3×1mm and the fixed ends for the convenience of gluing. 
Conclusion
An improved actuator structure was obtained through the optimization design based on the analysis results from the work done in this paper where the working principle of the composite cantilever beam actuator was studied, the magnetic circuit was analyzed, the number and positions of the Terfenol-D slices are calculated, and the electromagnetism loopsof the actuator and the driving structure are simulated by employing the finite element software.The results indicate that the structure and the performance of the improved actuator are more excellent by adding the offset coils.
